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Abstract. In this study, a set of optical and Suspended Particulate Matter data measured in the 
coastal waters of the Red river delta is examined to develop empirical and semi-analyzed algorithms 
to process satellite remote sensing data. A scene of high resolution satellite images of Landsat-8 
OLI is used to test the algorithm for determining the distribution of Suspended Particulate Matter 
concentration in marine waters. A numerical model is also developed to calculate Suspended 
Particulate Matter transportation in the study area and calibrate statistics measured at certain 
monitoring stations of water flow and Suspended Particulate Matter from river discharged into the 
sea. The results on Suspended Particulate Matter concentrations in the coastal waters of the Red 
river delta determined from the satellite image algorithms and those of the numerical model are 
compared and evaluated.  
Keywords: Remote sensing, algorithm, suspended particulate matter, Red river delta. 
 
INTRODUCTION 
The Red river is one of the largest rivers in 
Southeast Asia, originating from the Himalayas 
and contributes significant volumes of sediment 
to the world's oceans. The Red river contributes 
approximately 130 × 106 tons of sediment 
annually into the Tonkin Gulf via sixmain 
tributaries, with Van Uc (26% of total 
sediment), Thai Binh (11% of total sediment), 
Tra Ly (11% of total sediment), Ba Lat (26% of 
total sediment), Ninh Co (6% of total sediment) 
and Day (22% of total sediment) [1, 2]. During 
the rainy season in Northern Vietnam (July to 
November) 72% to 80% of the annual volume 
of sediment is discharged into the sea from the 
Red river. The Red river system plays an 
important role in the river - sea interaction and 
ecological processes in the coastal areas of 
Northern Vietnam. The distribution of 
Suspended Particulate Matter (SPM) in the 
coastal estuary is one of the important factors 
in evaluating the interaction between the river 
and sea over short and long time scales. SPM is 
also an important factor in the biogeochemical 
cycle in the coastal zone due to the varied 
chemistry contributed to the coastal 
environment. The determination of the SPM 
concentration in seawater is time-consuming, 
expensive and only provides information at the 
site of sample collection. In contrast, optical 
reflectance measured by satellite sensors can 
rapidly and economically assess SPM 
concentrations over large spatial areas in 
oceans, lakes, rivers and coastal waters [3, 4]. 
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A drawback to using satellite-derived data is 
the requirement for robust and powerful 
algorithms to convert the radiation or reflection 
data measured by the satellite sensor into an 
accurate estimation of SPM concentration. For 
SPM measurements in coastal waters, it is 
necessary to modify the algorithms to 
accurately estimate the SPM concentration 
from data of ocean color remote sensing [5, 6]. 
Two algorithms (empirical and semi-analyzed) 
are often applied to obtain information on the 
water composition. Empirical and semi-
analysis models are often used to develop data 
processing algorithms in order to determine the 
concentration of SPM in coastal areas. The 
empirical algorithm model is based on the 
assumption of existing relationship between the 
reflectance of water and SPM concentration [7–
9]. The algorithm of the semi-analysis model is 
based upon the relationship between absorption 
and scattering of light in the visible band of the 
suspended particulate matter and their 
concentration [10–13]. 
In this study, the processing algorithms to 
identify the SPM concentration in the Red 
River coastal waters are developed based on 
both the empirical and the semi-analysis 
models. The results of the study are sigfinicant 
for the development and application of remote 
sensing in studying the sediment supply of 
rivers to oceans globally and for accurately 
investigating the spatial distribution and 
concentration of SPM in coastal marine 
systems. 
MATERIALS AND METHOD 
Materials 
Optical data and SPM concentration. To 
calibrate the SPM concentration measured in 
the coastal waters with the reflectance data 
recorded in the satellite images, both 
reflectance and SPM concentrations were 
collected from the same sites along the coast of 
the Red river delta. The optical data and SPM 
concentrations were obtained from two field 
surveys in July 2014 at 21 sampling stations 
and June 2015 at 26 stations along the coastal 
area of Red river delta (fig. 1). The optical data 
was collected using a TRIOS with two 
automatic sensors that measured the radiance 
from the Sun and reflected from the water 
surface within the spectral range of 310– 
950 nm and with a resolution of 2 nm. The 
TRIOS was set up to collect a measurement 
every 10 seconds for 10 minutes for each 
station. The reflectance from the water (Rrs) is 
determined by the following equation: 
rs w dR L E                         (1) 
Where: Lw: Average value of the radiation from 
the water at each station; Ed: Average value of 
the direct solar radiation to the water surface at 
each station;  
Lw = (Lw1 + Lw2 + … + Lw60)/60       (2) 
Ed= (Ed1 + Ed2 + … + Ed60)/60       (3) 
The Conductivity Temperature Depth 
(CTD) instrument was employed to 
automatically measure parameters such as 
water depth, temperature, salinity, turbidity and 
Chlorophyll-a at each station. The carbonate 
filter with 0.22 µm pore diameter were used to 
collect SPM samples. The SPM samples were 
measured using from quantity method and were 
performed at the Institute of Marine 
Environment and Resources. 
Satellite image. Landsat-8 OLI satellite images 
of the Red river coastal area were obtained on 
25 September, 2014 to calculate the SPM 
concentration. The images represent conditions 
that occur in the rainy (September) seasons in 
Northern Vietnam. 
Data for the numerical model. The bathymetry 
and coastline in the Red river delta coastal area 
were digitized from topographic maps using 
VN2000 coordinates (Universal Transverse 
Mercator (UTM) projection with a WGS84 
reference ellipsoid and specified local 
parameters) on the scale of 1:50,000 along the 
inner continental shelf and 1:25,000 in the 
estuary (data from the Ministry of Natural 
Resources and Environment, Vietnam). 
Offshore bathymetry was extracted from 
GEBCO-1/8 with 30 arc-second interval grid 
[14]. River water discharge was measured in 
2014 at the river and was used to establish the 
boundary condition in the Red river. Winds and 
waves were measured at the stations of Hon 
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Dau, Bach Long Vi, Co To and Sam Son, and 
used in the calibration. Wind and wave data 
were measured for 6 hours in 2014 and used in 
this calibration. Sea levels were measured at 
the Hon Dau station and were used for model 
calibration and validation. From this location, 
the coastal sea levels were analyzed to 
determine the harmonic constants of eight tidal 
constituents (M2, S2, K2, N2, O1, K1, P1, Q1) 
for sea boundaries in the refined grid. The tidal 
offshore harmonic constants were extracted 
from FES 2014 [15, 16]. The coastal water 
SPM concentrations measured in the 2014 and 
2015 surveys were also used for model 
calibration and validation. The World Ocean 
Atlas with 0.25 degree-grid resolution was used 
for the open sea boundary transport conditions 
of the parent model [17]. The SPM 
concentrations of the rivers were extracted 
from measured data of the national 
hydrometeorology sites of rivers of Cam, Van 
Uc, Tra Ly and Dao. They are average data of 
every flood and ebb tide dates within a year. 
 
 
Fig. 1. Survey stations 
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Methods 
Empirical algorithm. The empirical algorithm 
was developed by linear regression between 
water reflectance and the SPM concentration 
from the satellite red band when coefficient of 
determination (R2) is maximised. Several 
studies show that the satellite red band can be 
used to detemine the relationship between the 
water reflectance and SPM concentration with 
field-surveyed data verification [18]. The 
optical data and SPM concentration from 47 
survey points were used to determine the 
coefficient of determination. Six wavelengths 
(630, 640, 650, 660, 670 and 680 nm) in the red 
band were used to find out the maximum R2. 
An atmospheric correction for Landsat8-OLI 
image was conducted based on MODTRAN 
model in the FLASH tool in the ENVI 
software. Reflectance values of terrestrial and 
tidal areas were assigined a factor of 0 when 
masking these areas. This step was necessary to 
reduce complexity as well as errors generated 
from reflectance spectra from the land during 
processing. 
Semi-analyzed algorithm. The SPM 
concentration was determined from the satellite 
imagery by applying the equation developed by 
Nechad (2010): 
SPM (mg/l) = AT X Rrs/(1- Rrs/C)          (4) 
Where: Rrs is the water reflectance calculated 
by (1). AT and C are correlation coefficients. 
C has a negligible impact on the regression 
regime of the equation (4) because at 
wavelengths of red and infrared bands, C is 
large in comparison with water reflectance, e.g. 
Rrs/C approaches 0, and so (4) is simplified to 
SPM ≈ AT X Rrs. However, this is oversimplified 
(4) and C must be determined to ensure the 
accuracy of the equation (4). For increasing the 
accuracy of equation (4), it is necessary to add 
a standard deviation BT, resulting in: 
SPM (mg/l) = AT X Rrs/(1- Rrs/C) + BT (5) 
To solve (5), AT, C and BT need to be 
determined by linearly regressing, but it is 
necessary to fix one of these parameters. Since 
C has a negligible impact on the regression 
regime, it is assigned a value determined by 
experimental measurement from the North Sea 
and South America [12]. 
Numerical model. Results of numerical models 
were used for validation of satellite processing 
with algorithms being developed in this study. 
Hydrodynamics (resulting from tides, currents 
and waves) and suspended sediment transport 
were simulated using the Delft3D-Flow and 
Delft3D-Wave modules [19]. The grid of the 
model is orthogonally curvilinear to provide a 
high grid resolution in the Red river delta and a 
low resolution elsewhere. The model frame 
includes entire coastal zone of the Red river 
Delta spanning 176 km west to east and 175 km 
north to south. The horizontal grid 
encompasses 608 × 605 points with grid size 
between 9.3 m and 1,800.3 m. Along the 
vertical direction, 5 layers in sigma coordinate 
are considered, like for the parent model. The 
hydrodynamic model included water 
temperature, salinity, sediment transport and 
wave action run with time steps of 30 s. 
The model was calibrated for the periods of 
September 2014. River open boundaries for 
Bach Dang, Van Uc, Thai Binh, Tra Ly, Ba 
Lat, Lach Giang and Day were conditioned 
with time serial measurement of water river 
discharge, water temperature and SPM 
concentration. 
For sea open boundaries, the forces of 
interest are tidal harmonic constants of each 
tidal constituent (M2, S2, K2, N2, O1, K1, P1, 
Q1) that were extracted from FES2004. The sea 
boundary transport conditions such as water 
temperature and sanity were determined with 
data from the WOA13 with 0.25 degree 
resolution. Wind velocity and direction 
measured every 6 hours in Bach Long Vi, Hon 
Dau, Co To and Sam Son gauging stations in 
2014 were imposed on the model. 
The wave module was established for 
online coupling with hydrodynamic and 
sediment transport at sea boundary conditions 
with data from the gauge stations located at 
Bach Long Vi, Co To and Sam Son. The 
bottom roughness of the inner shelf was 
specified by a spatial distribution of Manning 
(n) coefficients with values in the range 0.018–
0.023 m-1/3.s [20, 21]. The background 
horizontal eddy viscosity and horizontal eddy 
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diffusivity were considered to be, after 
calibration, equal to 8 m.s-2. 
The Horizontal Large Eddy Simulation 
(HLES) sub-grid, which is integrated in 
Delf3D-Flow, is based on theoretical values 
[22]. In this study, the HLES sub-grid was 
activated to add calculated results to 
background values. Two sediment fractions 
were simulated in the model: One non-cohesive 
and one cohesive. Measured grain sizes of non-
cohesive particles in the Red river delta coastal 
area range from 85 μm to 406 μm, average  
135 μm [23]. A specific density of 2,650 kg.m-3 
and dry bed density of 1,600 kg.m-3 were 
considered; all other sand transport calibration 
parameters were kept at the default values 
proposed by Delft-3D. Sand fraction transport 
was modeled with the van Rijn TR2004 
formulation [24], which has been shown to 
successfully represent the movement of non-
cohesive sediment ranging in size from 60 μm 
to 600 μm. If the bed shear stress is larger than 
a critical value, erosion is modeled following 
the Partheniades’ formulation [25] while if the 
bed shear stress is less than a critical value for 
deposition, Krone’s formula [26] is used to 
quantify the deposition flux. The parameters 
required to simulate the cohesive sediment 
transport include critical bed shear stresses for 
erosion τcre and deposition τcrd, the erosion 
parameter M and the particle settling velocity 
ws [27]. After calibration, τcrd was set to 1,000 
N.m-2, which effectively implied that 
deposition was a function of concentration and 
fall velocity [28]. τcre was set to 0.2 N.m
-2, and 
M was set to 2 × 10-5 kg.m-2.s-1. 
For salt water, cohesive sediments 
flocculate, the degree of flocculation depends 
on salinity. Flocs are much larger than the 
individual sediment particles and settle at a 
faster rate. In order to model this salinity 
dependency, Delft3D-Flow considers two 
settling velocities and a maximum salinity. The 
velocity ws,f is the settling velocity of the 
sediment fraction in fresh water (salinity S = 0), 
while the velocity ws,max is the settling velocity 
of the cohesive fraction in water having an 
equally salinity to salmax (S = 30 over our 
area). Portela et al., 2013 reported settling 
velocities to increase by a factor of 6.5 between 
freshwater conditions (S = 0) and marine 
conditions (S = 30). In this study, the settling 
velocity of the cohesive sediments was set to 
0.05 mm.s-1 in fresh water and to 0.325 mm.s-1 
at S = 30. The bottom-boundary layer accounts 
for the interaction of wave and current over a 
moveable bed [30]. 
RESULTS 
Empirical algorithm for the coastal area of 
Red River Delta. To maximise R2 between the 
Rrs and SPM concentration, the linear, 
logarithmic, natural logarithm (ln), 
exponentiation and polynomial functions were 
tested for six different wavelengths. The 
quadratic polynomial function at the 
wavelength of 650 nm produced the largest R2 
(0.903, fig. 2). 
This was expected because after 
atmospheric correction, the Rrs of the red band 
of the Landsat-8 OLI image is equivalent to the 
650 nm wavelength, and corresponds to the 
central wavelength within the red band of the 
Landsat-8 OLI image (0.636–0.673 nm). The 
polynomial derived from the 650 nm 
wavelength is: 
 
  264,595 127.8 1.256  rs rsSPM mg l XR XR                                      (6) 
 
Semi - analyzed algorithm for the coastal 
area of the Red river delta. The high R2 and 
lowest Root Mean Squared Error (RMSE) 
between Rrs and SPM concentration at the 
wavelength of 650 nm using (5) produces the 
best estimates of AT and BT (table 1). 
Thus, at the wavelength of 650 nm, the 
value of AT and BT are 1,030 mg/l and -0.5275 
mg/l, respectively (table 1). Hence, equation (5) 
is redefined as: 
 
   1,030 1 0.1661 0.5275  rs rsSPM mg l XR R                                    (7) 
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Fig. 2. The correlation of Rrs and SPM concentration according to polynomial  
function at different wavelengths of the red band 
 
Table 1. The results of AT and BT calculation 
Wavelength (λ) AT BT R
2
 RMSE 
630 nm 975.5 -0.6691 0.8321 2.456 
640 nm 997.4 -0.5994 0.8436 2.37 
650 nm 1030 -0.5275 0.8487 2.332 
660 nm 1171 -0.366 0.8463 2.35 
670 nm 1280 -0.2722 0.8308 2.466 
680 nm 1312 -0.3707 0.8463 2.35 
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Calibration and validation for numerical 
model. The calibration and validation of the 
tidal model were tested using the Nash-














               (8) 
Where: obs= the observed value and calc= the 
model calculated value. E values range from 0 
(no correlation) to 1 (perfect correlation). As 
such high E implies a good fit between the 
model and the data. The discrepancy between 
model results and field measurements in dry 
and flood seasons of 2012, flood of 2013 and 
dry season 2014 was quantified. After 
calibration, the model and observed results 
show good agreement with E ranging from 0.77 
to 0.82. The measured SPM and modeled SPM 




Fig. 3. The result on calibration and validation of numerical model 
 
SPM concentration from Landat-8 OLI. 
Using equations 6 and 7 to calculate the SPM 
concentration for each pixel of satellite images 
after atmospheric correction and converting DN 
value into Rrs values. The results of the SPM 
concentration using band 4 of Landsat-8 OLI 
images on 25 September 2014 (fig. 4) show the 
concentration of SPM in the Red river coastal 
area. During the rainy season, high 
concentrations of SPM occur near the river 
mouths with river discharge and nearshore 
currents moving the SPM to the south and 
southeast of the river mouths (fig. 4). The 
processing of the 25 September,  2014 Landsat-
8 OLI image shows that SPM concentrations 
along the coastal area of the Red river delta is 
high (over 20 mg/l), especially at Day, Lach 
Giang, Ba Lat, Tra Ly, Thai Binh and Van Uc 
river mouths. In marine waters deeper than  
15 m, the SPM concentration is low, ranging 
from 1 mg/l to 15 mg/l. 
Remote sensing data analysis with validation… 
 263 
 
Fig. 4. SPM concentration from Landsat-8 OLI image on September, 25th, 2014 
 
Validation of algorithms. The best way to 
assess the accuracy of satellite image 
processing is to compare the satellite-derived 
results with in situ, measured data. However, 
this is difficult because the SPM concentration 
at a site can significantly and rapidly change 
with time due to oceanographic and climatic 
conditions (e.g. wave, currents, tides). Satellite 
images are also captured very quickly and so 
provide an instantaneous record of the oceanic 
conditions. Therefore, it is very difficult to 
obtain real time data that corresponds with the 
time when a satellite image is obtained. To 
solve this problem, we used the results of the 
SPM concentration distribution extracted from 
the numerical model calculated at the same 
time as the Landsat-8 OLI image was obtained. 
Three 20 km long profiles with 20 equally-
spaced sampling points along each profile were 
used to extract SPM concentrations from the 
satellite images to compare and evaluate the 
satellite image processing and the numeric 
model. 
The trends of the SPM concentrations 
extracted from the Landsat-8 OLI images and 
those calculated from the numerical model agree 
despite some differences in the absolute values 
at some locations along the profiles. For 
example, the value of SPM concentration 
extracted from Landsat-8 OLI obtained on 25 
September 2014 based on the empirical 
algorithm ranges between being very similar to 
the numerical model and semi-analyzed 
algorithm along the Bach Dang river mouth 
profile. Along the Ba Lat river profile the 
empirical algorithm calculates much higher SPM 
concentrations near the river mouth than the 
numerical model or semi-analyzed algorithm 
does, but the SPM concentration estimates of the 
three methods converge further offshore (fig. 5). 
The reverse is observed from the Day river 
profile with similar SPM concentration estimates 
observed near the river mouth and the empirical 
algorithm estimates deviating from the 
numerical model and semi-analyzed algorithm 
as water depth increases (fig. 5). 
Regression modelling was used to assess 
the errors between the SPM concentration 
estimates extracted from the Landsat-8 OLI 
algorithms and the numeric model. The SPM 
concentrations of 60 estimates from the profiles 
(20 estimates from each profile) were selected 
to assess the relationship between the satellite 
derived algorithm estimates and the estimates 
from the numerical model. The results show the 
good agreement between SPM concentrations 
extracted from satellite images based on 
algorithms and the numerical model with R2 
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over 0.868 (fig. 6). Thus, there is a high 
correlation between the result of SPM 
concentration extracted from satellite image 
and that of numeric model. 
 
 
Fig. 5. The comparison of results on SPM concentration extracted from Landsat-8 OLI  
processing and numeric model on 25 September 2014 
 
 
Fig. 6. Comparison of relationship coefficient of SPM concentrations extracted  
from Landsat-8 OLI processing and numeric model at 03 sections 
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DISCUSSION 
It has been demonstrated that experimental 
algorithms can be used to obtain spatial 
information on water composition (optical 
properties, SPM concentration) from the 
reflectance of the sea surface. The relationship 
between the SPM concentration of coastal 
waters and the reflectance of coastal waters 
shows that algorithms derived from the 
reflectance of a single optical band produce the 
best relationships for identifying SPM 
concentrations and spatial distributions [32, 
33]. Nechand et al., (2010) proposed a single 
band algorithm for total suspended solids 
obtained from the reflection pattern and 
correction of the results using reflectance 
measured from aircraft and total suspended 
solids measured in the southern part of the 
North Sea. The optical properties of water and 
suspended sediment are nonlinear and the 
relationship is affected by the size, shape and 
color of the suspended particles [34–37]. Due 
to the complex optics, it is difficult to define a 
universal algorithm to estimate the SPM 
concentration from satellite images [38]. 
Moreover, various parameters such as coastal 
geomorphology, variable river flow, local and 
seasonal coastal and oceanic circulation 
variability affect the distribution of SPM 
concentration. Therefore, the algorithms 
developed for a certain area can not be applied 
to other areas. The result of the calculated SPM 
concentrations in the coastal zone of the Red 
river delta from remotely sensed data is 
comparable to studies on SPM concentration 
and spatial distributions performed elsewhere 
[39–41]. The results show that SPM 
concentrations are higher during the peak of the 
wet season (September) causing a high volume 
of sediment to be discharged into the coastal 
area of the Red river delta [42]. However, the 
result from empirical algorithm is limited by its 
isolated capacity [12]. That does not separate 
the water reflectance of inorganic, organic 
particles, water and the bottom of the coastal 
areas, leading to certain errors when calculating 
the SPM concentration. Adding to the 
complexity of components contributing to 
water reflectance, the Red river tributaries 
produce many submerged offshore bars [43]. 
These bars increase the variability of the water 
depth, and as the 25 September 2014 satellite 
image was obtained during the neap tide  
(1.67 m), the shallow water increases the 
contribution of bottom sediments to water 
reflectance. Although wave height was minimal 
when the 25 September 2014 satellite image 
was collected, the shallow water of the neap 
tide resulted in further bottom sediment 
disturbance affecting the water reflectance. 
CONCLUSION 
Empirical models with algorithms of 
satellite data processing to determine SPM 
concentration are developed based on the 
function of quadratic polynominal with (R2) 
correlation coefficient over 0.9 derived from 
the relationship between the water-leaving 
reflectance at wavelength of 650 nm and SPM 
concentration of 47 survey stations at the 
coastal area of Red river delta in 2014 and 
2015. Semi-analyzed models with its algorithm 
developed using the equation of Nechad (2010) 
are made at the wavelength of 650 nm, and the 
parameters AT = 1,030 mg/l and BT = -0.5275 
mg/l. Validation results of algorithm with 
numeric model of linear correlation coefficient 
between the results of the calculated SPM and 
actual measurements at factor of 0.89 and Nash 
-Sutcliffe of 0.87 are highly compatible. 
However, to increase the accuracy of the 
algorithm, it is necessary to have series of in 
situ measured data and real time measurements. 
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